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Abstract: Corrosion of metallic biomaterials in biomedically-relevant environments
depends on the local physical and chemical structure of the metal surface at the metal-solution
interface, and the geometry of the electrode system. Local surface structure, including
defects, inclusions, and grain boundaries may locally alter the electrode behavior, while local
geometries, including crevice-like geometries or small electrode areas will give rise to
specific changes in electrochemical behavior. Methods to detect local defects or surface flaws
electrochemically may be possible with the appropriate combination of microelectrodes and
pipette geometries. In order to have a better understanding of the localized electrochemical
behavior under given conditions, a localized electrochemical impedance spectroscopy (LEIS)
technique was developed and evaluated along with standard polarization testing. CoCrMo and
Ti samples were tested using this technique and under varying conditions to simulate small
areas, and the presence of crevice-like geometries. The reference and counter electrodes were
positioned within a small-diameter pipette tube with varying cross sectional diameters and
varying heights from the working electrode surface. In addition, two conditions were
examined with solution both inside and outside of the pipette or with solution only on the
inside. These conditions were selected to approximate different electrode conditions, surfaces
and geometries relevant to medical device surfaces. Significant differences in both impedance
and polarization behavior were seen with this local electrode system depending on the
absence or presence of external solution, the diameter of the pipette, the distance of the
pipette from the working electrode surface and the materials tested.
The polarization resistance of the working electrode for both Ti and CoCrMo decreased,
and the corrosion current increased with increasing pipette cross sectional area (i.e., electrode

area) when no external solution was present. In the external solution condition, Ecorr of
CoCrMo samples became more negative and Rp,(the polarization resistance from the Tafel
fitting result) also decreased with increasing exposed area, while the Icorr was not affected; for
Titanium, the value of Ecorr, Icorr, and Rp changed relatively little compared to the behavior in
the no-electrolyte-covered condition.
The impedance behavior of this electrode system was affected by the presence of
external solution or not. In the no-external-electrolyte condition, the response behaved
according to a constant phase element Randles circuit with increasing area increasing the
capacitance (CPE-T) for both CoCrMo and Titanium, while the polarization resistance Rp
value for both CoCrMo and Titanium sample decreased. With external solution present, the
impedance behavior followed a crevice corrosion model proposed by Swaminathan and
Gilbert. Increasing the internal area, caused decreases in both internal pipette resistance (Ro)
and crevice resistance (Rcr) for both Titanium and CoCrMo samples, while the internal
capacitance (CPEo) increased, and external capacitance (CPEoc) as well as external surface
resistance (Roc) changed relatively little compared to other parameters. In the external solution
case, the distance between the microelectrode and the sample surface caused the crevice
resistance, Rcr, to decrease exponentially as distance increased. There is a critical distance
which leads to a sudden Rcr value drop.
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CHAPTER 1
INTRODUCTION
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The application of metallic biomaterials for therapeutic purposes can be tracked
back centuries. At present, stainless steel (e.g., 316LSS), titanium based alloys (e.g.,
Ti-6Al-4V), CoCr alloys (e.g., CoCrMo) are the most widely used metallic
biomaterials in all orthopedic and cardiovascular surgery applications. 316L stainless
steel is one of the most commonly applied metallic materials from cardiovascular to
otorhinology applications. CoCrMo alloys are typically applied to high wear
resistance situations like artificial joints. Titanium alloys are favored for their great
corrosion resistance, high biocompatibility and mechanical properties.

Even though these metallic biomaterials have excellent mechanical and
biological properties, implant material failures can and do still occur prior to the
implant design lifetime, as has been reported in vivo [1-4]. Due to the hostile body
environment surrounding metallic implant materials, corrosion reactions caused by
anodic and cathodic reactions result in interactions of the implant metal with the
biological system. The interaction of implant material and the host biological
surroundings cause the degradation of the implant which contributes to biological
reactions such as inflammatory reactions, osteolysis, stress shielding and pain in the
implant location, etc. [5-8] . Degradation of metallic biomaterials is usually the
consequence of electrochemical reactions, wear or the combination of the two.
Corrosion damage on implant surface can result in many different changes in
structure, chemistry and local electrochemical properties.
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Implant failure can be related to many factors other than corrosion. For example,
processes like wear and fretting may lead to tribocorrosion, resulting in disruption of
the oxide film and the release of the reactive metal ions from the surface. Also,
electrochemical processes may include generalized corrosion, uniformly affecting the
entire surface of the implant, and localized corrosion, affecting either regions of the
device that are shielded from the tissue fluids (crevice corrosion) or seemingly
random sites on the surface (pitting corrosion). Electrochemical and mechanical
processes (stress corrosion cracking, corrosion fatigue, and fretting corrosion) may
also interact, causing premature structural failure and accelerated release of metal
particles and ions.[9]

Fretting and fatigue are the most common mechanically assisted corrosion types
that are found in implant applications. Pitting is also of concern in some alloys
including stainless steel and NiTi alloys. Fretting-crevice corrosion is one of the
typical mechanically assisted corrosion (MAC) mechanisms seen in implants, and this
corrosion behavior has been shown in many retrieved implants [10, 11]. Brown et al.
indicated that fretting corrosion contributes to the initiation of modular interface
corrosion, such as crevice corrosion behavior. [12] The occurrence of fretting
corrosion can result in localized wear as well as initiate fatigue cracks which likely
reduce the fatigue strength of implant materials and leads to biocompatibility
concerns [13, 14] Usually fretting corrosion occurs at the interface of two different
phases (e.g. different metals at the interface of the hip implant modular taper
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junction), the micromotion between the two surfaces result in a disruption of the
passive oxide film, resulting in the acceleration of a small scale local surface
corrosion. Crevice corrosion may be associated with fretting corrosion and depending
on many factors such as metal combination, solution type, crevice size, etc.[15, 16]

Surface oxide films present on metallic materials not only contributs to corrosion
resistance but also to tissue compatibility. To limit the further oxidation, these oxide
films on the metal surface are usually compact, non-porous, highly abrasion resistant
and atomically structured to limit the ions and electrons transferring from metal oxide
– solution interface. The electrochemical characteristics of oxide-covered surfaces are
relatively stable if the oxide film condition remains unchanged. The potential
established by the electrochemical reactions at a metal surface immersed in a solution
is called the Open Circuit Potential (OCP) or corrosion potential (Ecorr). Due to the
thermodynamic force and the chemical activity of the metal, there are electrochemical
reactions occurring at the surface of the metal-solution interface, which leads metals
to corrode. When the system maintains electronic neutrality, the rate of oxidation and
the rate of reduction would be equal when the system is at its open circuit potential,
and the system is “at equilibrium”.

Oxide films may be disrupted mechanically leading to metal ion release and
oxide film reformation. These reactions result in electrode potential drops and can
impact on the local environmental surroundings. For instance, the oxide film formed
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on CoCrMo alloy is predominantly Cr2O3. The valance of Cr ion might alter from
Cr3+ to Cr6+ depending on the electrode potential. The release of these heavy metal ion
species might have a negative impact (allergy, inflammation, etc.) on the host [17-19].

Once the oxide films are disrupted, the electrochemical balance of the metalsolution interface will be upset, leading to a drop in the OCP of the electrode. In
addition, during mechanically assisted crevice corrosion, changes in solution
chemistry inside the crevice can be significant due to the generation of hydrogen ions
and the presence of chloride ions (resulting in a pH drop). An aggressive localized
condition can be established that is significantly different than present outside of the
crevice. There have been several studies of this type of corrosion behavior [11, 2024]. These include efforts to improve the crevice corrosion behavior in hip implant.
Gilbert et al,.[25] developed a thin polymer based self-reinforced composite SRC film
made from PEEK, the PEEK fibers had been melted spin under the proper thermal
and flow conditions to result in a highly oriented polymer structure that will impart
significantly improved mechanical properties to the polymer. The SRC-PEEK films
generated from this method can then be used as the interposing polymer layer
between modular taper components. Also many other efforts had been made to
generally prevent implant corrosion. Implant modification, for instance, is a common
approach to improve the corrosion resistance, surface texture, wear resistance and
biocompatibility of the metallic material [26-29]. Gerhard et al., [27] developed a
method for producing a corrosion-inhibiting coating on an implant having a surface
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and made of a bio corrodible magnesium alloy, the corrosion-inhibiting coating
provided by this method causes a temporary inhibition, but not complete suppression,
of the corrosion of the material in a physiological environment.

Techniques and test methods have been developed to obtain a better
understanding of the mechanisms of implant corrosion. The most commonly-used test
methods to systematically study the electrochemical behavior of a given alloy
interacting with certain electrolyte are open circuit potential test (OCP),
potentiodynamic polarization test and Electrochemical Impedance Spectroscopy
(EIS). The general EIS method uses a classic three-electrode system to apply a small
amplitude sinusoidal voltage as an input and measure the corresponding output
current through the working electrode. Electrical analog models such as Randles’
circuit are applied to fit the result and to interpret the capacitance and resistance of the
test subject based on the frequency-dependent characteristic behavior.

The impedance of a metallic biomaterial surface can be affected by many factors
such as exposed electrode area, electrode geometry, localized corrosion processes,
immersion time, pH, etc.[30-32] However, with classic surface electrochemical test
methods like EIS, it is hard to separate out the contributions of the corrosion reactions
to the overall impedance spectra because the data is the average impedance over all
exposed area while the degradation is typically a localized event.
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Overall measurement VS local variations

The development of localized electrochemical test methods is not new. Several
technics had been developed to measure the localized impedance behavior[33-35].
These include the scanning droplet cell microscopy (SDCM)[36], scanning vibrating
electrode technique(SVET)[37] and alternating current scanning electrochemical
microscopy (AC-SECM)[38] are the most commonly techniques that use small
electrodes immersed in the electrolyte closely approaching to sample to achieve the
localization measurement. SDC uses a compact peristaltic pump to force electrolyte
through a small diameter tube and into a specifically designed head. This SDC head is
machined to allow electrolyte to flow past an installed Reference Electrode and then
to a port at the base of the head. The SVET uses a single wire to measure voltage
drops in solution. This voltage drop is a result of local current at the surface of a
sample. Measuring this voltage in solution images the current at the sample surface.
Current can be naturally occurring from a corrosion or biological process, or the
current can be externally controlled using a galvanostat. However, how factors like
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crevice geometries, small electrode areas and presence or absence of external
electrolyte solution would influence the localized electrochemical behavior still
cannot be studied with the techniques above.

While damaged regions of implant have been studied in terms of volume of
material lost (using topographic methods), and by using qualitative and quantitative
imaging methods to describe the damage modes, chemical changes and debris
generation, there have been no direct methods developed to date to assess local
alterations in the electrochemical properties of the surface. The ability to locally
analyze changes in the electrochemical properties (e.g., potential, impedance, etc.) of
an implant surface may add important new information into how in vivo corrosion
affects implant surface performance.

However, in order to study local electrochemical properties, especially
impedance behavior, methods need to be developed that are easy and well
characterized to describe local properties. The effects of the test system on the
response of the test are also important so that the responses seen can be properly
interpreted.

In addition, the test system to be developed may serve as a model for the
impedance performance of other implant geometries that include crevices or restricted
solution geometry conditions. Finally, the method to be develop may be capable of
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presenting localized regions with altered local solution chemistry, and focused
electrical fields to simulate localized corrosion conditions that may be representative
of the biological system.

Therefore, my work focused on development of the local electrochemical test
system, how the test system behaves under different conditions (with and without
external solution, with close proximity and with distance away from the surface of
interest, etc.) and how exactly these different conditions influence the localized
electrochemical behavior of CoCrMo and Ti alloy samples.

In this study, a new localized electrochemical impedance spectroscopy (LEIS)
system is developed. This test system is able to perform microelectrochemical
analysis on common biomaterials. The tests described can be performed rapidly, are
simple to use and are able to analyze different locations as well as variable crevice
geometries.
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CHAPTER 2
RESEARCH GOAL AND INSTRUMENTATION DESIGN
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2.1 Research Motivation and Goals

Metallic biomaterial corrosion in biomedically – relevant environments depends
on the local physical and chemical structure of the metal surface at the metal-solution
interface. Specifically, factors such as the alloy species at the surface, the structure
and chemical properties of the surface as well as the presence and behavior of its
oxides significantly influence the behavior of the alloy under corrosion conditions.

Figure 2.1 Crevice model in modular taper junction

The surface oxide film on the metal and its electrochemical behavior can vary
widely based on the amount of the alloy species present in the oxide, the inclusion
size, distribution and density, and the defect density in the oxides. The area of the
surface exposed to the electrolyte may also impact when and how the local corrosion
occurs. When the sample area exposed decreases, the probability of the detecting an
11

area that contains a defect also decreases and the electrochemical response from that
region of the sample will be more relevant to the presence or absence of defects. In
another words, if the region analyzed is small, the region may consist mostly of
defected surface, or will consist of non-defect containing surface. As the result, the
electrochemical response of the surface should be more variable depending on the
differences in structure present. The presence or absence of external electrolyte
solution might also influence the electrochemical behavior locally.

In order to study and evaluate the localized electrochemical performance of
metal-solution surfaces in different geometries (wire, rod, tube or sheet), a
microelectrochemical test method which is able to sample controlled areas of a
surface for the electrochemical response is needed. This approach should be able to
apply microelectrode techniques, general electrochemical test technics (including
OCP measurements, potentiodynamic polarization and impedance analysis) and an
ability to spatially move and position the microelectrode rapidly and precisely on a
surface for analysis.

Thus, several elements of this technique need to be defined:

1. The exposed condition (area, solution type and amount, the distance between
sample and electrodes, etc.) of the sample should be controlled;
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2. The method should be applicable for the various sample geometries (tube, slice,
sheet, wire, etc);

3. The method should be able to perform systematic tests (OCP measurements,
potentiodynamic polarization and impedance analysis);

4. The method should be able to move rapidly to detect any random region on the
sample.

To fulfill the above requirements, the goals of this the study were to develop and
assess test methods which are able to perform microelectrochemical analyses on
common biomaterials. The tests should be rapid, simple and be able to analyze
different locations as well as variable areas. The surface geometries to be investigated
include flat sheet, single wire, tubes, segments of stents and whole segments of stents,
and include the assessment of crevice-like geometries.
The tests will evaluate the performance of the system under varying conditions
that include: with or without external solution present, varying pipette electrode area
and working electrode-pipette distance.
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2.2 Aims and Test System Design

The basic concept of the mini-electrode impedance test method is to place the
reference and counter electrodes of a potentiostatic three-electrode system into a small
pipette with electrolyte inside. This small pipette can then be brought into close
contact with the surface of interest and the local region within the pipette diameter
will be locally assessed. The region outside of the pipette can either contain solution
or not. If it does not, then only the region being wetted will contribute to the signal
and local behavior can be assessed. If the outside also has fluid, that fluid can be
different than the internal solution and/or the location of the pipette (proximity to the
surface, tightness of the seal between the pipette and sample, etc.) may all have
effects on the electrochemical response.

The aims of the study are:

1. Develop microelectrode probe which is capable of testing small regions of the
sample (or controlling the detecting area size) to identify and quantitatively
measure the variations in electrochemical properties. Additionally, the probe
should be able to fit on various geometries (sheet, tube, wire and stent). At present
stage the samples were made as sheet for start.
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2. Perform systematic tests (OCP measurements, potentiodynamic polarization and
impedance analysis) in such small areas of varying electrochemical character on
CoCrMo and Ti samples to determine the relationships between overall
electrochemical response and local electrochemical variations.

In aim 1, a quantitative positioning system was used for precision microelectrode
placement. The system, originally designed for micromechanical testing, has been
modified to accommodate a scanning microelectrode system and electrode sample
(see Fig. 2.2).

Figure 2.2 System design sketch

The system is powered by a potentiostat and controlled by a Visual
Basic/National Instruments-based program. The electrode probe positioning system
was controlled and driven by a linear variable differential transformer (LVDT) sensor
15

paired with a DC motor connected to a multiaxial stage. With the accurate monitoring
of the position with the LVDT, every movement of the DC motor is precisely
calibrated down to 50 nm accuracy.

The electrode probes are made of pipette heads with different opening diameters
from a radius of 0.4 mm to 1.6 mm (see Fig. 2.5). The reference electrode is made of
silver wire (0.5 mm radius) coated with silver chloride, and the counter electrode was
made of pure platinum wire (0.5 mm radius). The reference electrode is calibrated
with standard silver chloride electrode before every test.

Figure 2.5 Photograph of microelectrode probes.
In the preliminary study the sample holder was designed and made for the sheet
sample (see Fig. 2.6).
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Figure 2.6 Photographs of the typical sheet sample holder.

The other geometries sample holder was designed and will be developed in the
future (see Fig. 2.7).

Figure 2.7 Alternate geometry sample holder designs.

In general, with the microelectrode probes (with reference and counter
electrodes) connected to the positioning system, relatively small regions of the sample
are able to be investigated and tested repeatedly by moving the probe (see Fig. 2.8).
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Figure 2.8 Microelectrode scaning method.

In aim 2, a Solartron 1280C electrochemical test system was connected to the
microelectrode probe to perform general electrochemical properties test such as open
circuit potential measurement, potentiodynamic polarization test and electrochemical
impedance spectroscopy. The data was collected using CorrwareTM and ZPlotTM.
Cobalt chromium and titanium samples were selected for assessing the microelectrode
system as well as investigating the local electrochemical behavior of typical metallic
biomaterials.
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CHAPTER 3
EXPERIMENTAL DESIGN AND MEASUREMENT
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The goal of these experiments was to assess the capability of the designed
microelectrode system to perform general systematic electrochemical tests in a
relatively small area. Also, the local corrosion as well as crevice corrosion behavior of
CoCr and Ti sample associated with A (sample area exposed to solution), d (distance
between sample surface and pipette opening) were investigated.

Figure 3.1 A schematic of the microelectrode test set up for localized analysis of
electrochemical behavior. The set up consists of an electrode tip of varying opening
area (A), and sample distance, d. It can have solution over the entire sample, or just at
the electrode tip.

In these experiments, the main focus was on understanding the effects of the
parameters of the test on the electrochemical response of CoCrMo and Ti. Three
electrochemical methods were explored including open circuit potential
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measurements, potentiodynamic polarization tests, and electrochemical impedance
spectroscopy tests. The test parameters explored include the cross-sectional area of
the pipettes, the pipette-sample surface distance, and the effect of the presence or
absence of solution external to the pipette. These parameters were chosen for study in
part to understand the role of these geometry elements, but also to simulate the
internal versus external behavior of crevice-like geometries generated by the pipettesample interaction.

The pipette area ranged from 0.5 to 8.0 mm2, while the pipette-sample surface
distance was controlled with a precision micrometer used to adjust the vertical
location. For solution in the pipette only, no external solution was placed, and only
the solution within the pipette which made contact with the sample surface
determined the electrode area.

This was governed primarily be surface tension

effects and the diameter of the pipettes. The vertical distance started with the pipette
in contact and under a small amount of compressive load and was then displaced
away from the surface with the micrometer to up to 1000 um away from the surface.

While not the focus of the present study, the configuration evaluated here may also
have different internal and external solution chemistries present to explore the effects
of differential solution on the local corrosion behavior.
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3.1 Open circuit potential

Specimens:
The CoCrMo (ASTM F-1537) and titanium alloy (Ti-6Al-4V) premade sheet
specimens were mechanically mirror polished by using wet emery paper through 600
grit followed by alumina suspension in water polish with 1 um, and immersed with
0.154M PBS for 1 hour (for stable oxide film generation), then washed by deionized
water and ethanol. After wiping off the liquid drops with lens paper, the specimen was
placed into a sample holder. The microelectrodes were injected with about 1 ml of
0.154 M PBS as the electrolyte.

Measurement:

The CoCr sheet specimen was placed into the sample holder and then attached to
the positioning system. The microelectrodes were connected to the potentiostat
(Solatron 1280C, Scribners Associates, USA) electrochemical system to measure the
potential signals.

Initially, the no external electrolyte condition was tested where the
microelectrodes were fully pressed onto the sample surface, and the OCP was
measured for 30 mins. Then PBS was placed externally to the pipette and the OCP
test was repeated. Then, a different pipette area was attached and a new area of the
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surface was tested as above. This was repeated across all pipette areas tested. Three
trials for each pipette area (with and without external solution) were tested for
statistical comparison of the results.
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3.2 Potentiodynamic polarization test

Measurement:
The parameters explored in these experiments were the pipette area and the
presence or absence of external solution. The test set up was identical to that
described for the OCP measurements.

Potentiodynamic polarization testing was performed by first bringing the sample
surface to -0.7 V vs chloride Ag wire quasi-reference (Ag-wire) electrode and
scanning at 2 mV/s to 0.2 V vs Ag-wire reference. These potential limits were chosen
to minimize any major disruption to the oxide film and allowed for repeated testing
on a single sample surface.

For the no-electrolyte-covered condition, the microelectrodes were fully pressed
down onto the sample surface and the voltage versus current plots were captured.
The polarization test was repeated for the fully immersed condition. Then the pipette
was changed (different exposed area) from 0.4 mm radius to 1.6 mm radius and the
polarization tests were repeated (both with and without external solution present).

The Icorr and Ecorr were determined from the resulting data. Ecorr was determined
as the potential where the current transited from cathodic to anodic during the scan,
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and Icorr was found from the Tafel approximation using the corrosion software. Three
trials were performed for each pipette area and material.
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3.3 Electrochemical Impedance Spectroscope
Specimens:
The samples were prepared as they were for the above OCP and polarization tests.
Measurement:
In these experiments, both the area, A (pipette area), and the pipette-sample
vertical distance, d were systematically varied.

The EIS tests applied a 10 mV sinusoidal potential at open circuit potential over
a range of frequencies from 0.01 Hz to 20000 Hz.

For the no-electrolyte-covered condition, the microelectrodes were fully attached
to the sample surface and the impedance was measured. For the case of external
solution present, the microelectrodes were fully pressed onto the sample surface and
the impedance measured.

Then the pipette was shifted up 100 m and the test

repeated. This sequence was repeated for each 100 m step up to 1000 m. Then
the pipette was changed to a different exposed area from 0.4 mm radius to 1.6 mm
radius and each test repeated. These tests were repeated three times.

Analysis of EIS results:
For electrochemical impedance spectroscopy tests, significantly different
responses were observed between no external solution and the presence of external
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solution. Thus, different equivalent circuit models were used to analyze the results
from each group of experiments.
For the no-external-electrolyte condition, the equivalent circuit model used was a
Randles circuit model, as shown below. This circuit was modified to have a constant
phase element (CPE) replace the capacitor since non-ideal impedance response was
observed [39]. The elements of the model include Ro, the surface oxide resistance (or
low frequency resistance), C (or CPE) the capacitive or constant phase element, and
Rs, the solution resistance. Each of these elements of the model are hypothesized to
be affected by the factors of pipette area and the distance of the pipette from the
surface. Extrinsic (non-area dependent) and intrinsic (area-normalized) measurements
of these parameters were determined in these experiments.

Figure 3.2 Randle’s model

For the external PBS covered condition, a crevice impedance model was utilized,
as shown below. This model, first described by Swaminathan and Gilbert, captures the
effects of both the internal (to the pipette) behavior as well as the contribution of the
27

external electrode surface. The crevice resistance (Rcr) describes the resistive solution
effects of a tight (or not) junction between the internal pipette solution and the
external solution. This parameter approached zero as the pipette junction became wide
open, while it would approach infinity (and become the Randles circuit described
above) if Rcr became infinite.

Figure 3.3 Crevice impedance model and the equivalent circuit

The impedance data are presented in the form of Bode plots and Nyquist plots
and were fitted to the circuit models using a non-linear least squares fitting algorithm
provided with the EIS software. The parameters inside electrolyte resistance (Rs),
inside resistance (Ro), inside capacitance (Co), outside resistance (Roc), outside
capacitance (Coc) were determined from the fitting result.

Statistical analysis was performed for every results.
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CHAPTER 4
RESULTS AND ANALYSIS

29

4.1 Open Circuit Potential
The results from the OCP tests (Fig. 4.1.1) show only small variations in OCP
with pipette area for both fluid conditions.
0
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0

OCP (V vs Ag-Wire)

-0.02
-0.04
-0.06
-0.08
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-0.12
-0.14
-0.16
-0.18

Pipette Area (mm²)
with external fluid

without external fluid

Figure 4.1.1 CoCrMo alloy OCP measurement within/without external fluid (PBS)
condition. Note the significant negative shift in OCP with the presence of external
solution present.

The OCP of CoCrMo samples became progressively more negative with increased
pipette area. In addition, the OCP of CoCrMo samples was more positive when no
external electrolyte was present but with the same pipette area (See Fig. 4.1.1).

All of the p-values for each pair of the results are less than 0.05 (one-way ANOVA).
The overall difference is significant (Tukey).
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Figure 4.1.2 Titanium alloy OCP measurement within/without external fluid (PBS)
condition

The effect of pipette area on the OCP of Titanium samples (Fig. 4.1.2) shows that the
OCP became progressively more negative with increased pipette area in a similar
fashion to the CoCrMo results (see Fig. 4.1.2, P < 0.05). However, there is not a large
shift in OCP between the two solution conditions.

Based on these results, the open circuit potential of CoCrMo alloy and Titanium
samples both shift to more negative potentials with increased pipette area with no
external solution present.

With external solution, there was less variability in OCP

and less of a decrease in OCP with increased pipette area. Additionally, the OCP of
CoCrMo sample is more positive in no external electrolyte present condition
compared with PBS covered condition on same sample exposing area.
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4.2 Potentiodynamic Polarization Test
CoCrMo sample:
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Figure 4.2.1 Ecorr of CoCrMo sample within/without external fluid (PBS) condition

The corrosion potential, Ecorr, obtained from the point on the polarization curve where
the current changes from cathodic to anodic for CoCrMo became more negative with
increased exposed area (See Fig. 4.2.1). Additionally, Ecorr of CoCrMo sample is
shifted to more positive potential in the no-external-electrolyte condition compared
with PBS covered condition (P < 0.05, See Fig. 4.2.1). This is consistent with the
OCP observations shown above.
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Figure 4.2.2 Icorr of CoCrMo sample within/without external fluid (PBS) condition.

The corrosion current (in Amps) obtained from the polarization plots is plotted
against pipette area for both fluid conditions in Fig. 4.2.2. Since the potentiostat was
measuring the current density as Amp/cm2, the filter was set as 1 cm2 to get the actual
current value to show its variation with electrode area. The corrosion current of
CoCrMo increased with exposed area for the no-external solution condition and was
approximately constant when external solution was present(See Fig. 4.2.2). This
indicates that the area affects the corrosion current (resulting in a constant current
density) and that when the external solution is present, the corrosion currents are
generated from the entire surface and not just from the pipette area electrode region.
In addition, since the total electrode area was about 100 mm2, the corrosion current is
about 100 times the no-external-solution condition, as expected.
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Figure 4.2.3 Polarization resistance of CoCrMo sample within/without external fluid
(PBS) condition
The polarization resistance measured from the polarization plot results of
CoCrMo decreased with increased pipette area for the no-external solution case and
varied as 1/A as expected (See Fig. 4.2.3). When external solution was present, Rp did
not vary significantly again indicating that the total electrode area immersed in
contributing to the signal.
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Titanium sample:
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Figure 4.2.4 Ecorr of Titanium sample within/without external fluid (PBS) condition
The corrosion potential, Ecorr, of Titanium obtained from the polarization plots,
in the no-electrolyte-covered condition became more negative with increased exposed
area, while the corrosion potential of Titanium sample in PBS covered condition
didn’t change much (See Fig. 4.2.4).

It is unclear why these variations in potential

are occurring in the no-external-solution condition.
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Figure 4.2.5 Corrosion current of Titanium sample within/without external fluid
(PBS) condition
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The corrosion current measured from the polarization plots of Ti show a linear
increase with area, as expected since the current density should be constant with
electrode area, while the corrosion current for the external solution condition did not
change significantly with pipette area (see Fig. 4.2.5).
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Figure 4.2.6 Polarization resistance of Titanium sample in the no-electrolyte-covered
condition.
The polarization resistance of Titanium, measured from the polarization plots,
exhibited an area dependence in the no-electrolyte-covered condition (decreasing with
exposed area), while the polarization resistance of Titanium sample in PBS covered
condition did not change significantly with increasing exposed area (See Fig. 4.2.6).
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4.3 Electrochemical Impedance Spectroscope
The EIS response of this system was highly dependent on whether there was
external solution present or not. When so external solution is present, then a
CPE-modified Randle’s circuit was used to analyze the behavior.

However,

when external solution was present, then an alternative crevice-like model,
proposed by Gilbert and Swaminathan was utilized.
4.3.1 No electrolyte covered condition
In no electrolyte covered condition, the equivalent circuit is shown below:

Figure 4.3.1.1 Randle’s circuit CPE model

To closely fit in the data, a constant phase element was introduced to improve the
equivalent circuit model.

The impedance

1
𝑍

=

1
Rp

Now can be altered into

1
𝑍

+ jωC ,

=

1
Rp

+ CPE-T (jω)CPE-P

Where ω is frequency, CPE-T is a constant that reflects the capacitance-like
character of the surface, and CPE-P is a the exponent which varies between 0 and 1.
37

The element will behave more like an ideal capacitor when the value is close to 1 and
more like a resistor when close to zero.

The typical Nyquist and Bode plot of the impedance response for CoCrMo using
different pipette areas are shown in Figs. 4.3.1.2 and 4.3.1.3.

It is clear from these

results that pipette area systematically decreases the resistive values of the Randle’s
circuit and alters the phase angle (and capacitive) character as well. Smaller areas
result in larger R’s.

Again, it should be noted that the resistive and capacitive values

are not normalized by area but are extrinsic parameters dependent on electrode area.
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CoCrMo
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Figure 4.3.1.2 Nyquist Plot of CoCrMo sample in no electrolyte covered condition
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Figure 4.3.1.3 Bode Plot of CoCrMo sample in no electrolyte covered condition
Fitting results:
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Figure 4.3.1.4 CoCrMo sample CPE-T in no electrolyte condition.
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8

9

The CPE-T values increase with increasing exposed area (See Fig. 4.3.1.4), as is
expected. However, the values for the 2 mm case appear to be outliers to the predicted
linear increase with area.
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Figure 4.3.1.5 CoCrMo sample Rp in no electrolyte condition.

The Rp values measured using the CPE-modified Randle’s circuit decreased with
the increasing area (See Fig. 4.3.1.5) in an approximate 1/A like dependence.
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Titanium
The results for the titanium electrodes show some similarities to the CoCrMo
results in terms of the effects of area and exposed solution conditions. The Nyquist
plot (Fig. 4.3.1.6) and Bode plots (Fig. 4.3.1.7) reflect the behavior of the no-external
solution tests and increased pipette area.
-7.5e7
0.05Hz 0.4mm 10mV dry 1
0.05Hz 0.7mm 10mV dry
0.05Hz 1.4mm 10mV dry
0.05Hz 1.6mm 10mV dry

Z''

-5.0e7

-2.5e7

0
0

2.5e7

5.0e7

7.5e7

Z'

Figure 4.3.1.6 Nyquist Plot of Titanium sample in no electrolyte covered condition
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Figure 4.3.1.7 Bode Plot of Titanium sample in no electrolyte covered condition
In all instances shown, the low-frequency response (for both Z and phase angle)
have not identified the plateau region at 0.01 Hz which makes fitting the Rp for the
circuit more challenging.
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Figure 4.3.1.8 Titanium sample CPE-T in no electrolyte condition
The CPE-T (capacitance-like) value is increased with increasing exposed area
(See Fig. 4.3.1.8).
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Figure 4.3.1.9 Titanium sample Rp in no electrolyte condition
The Rp again decreased with increasing exposed area (See Fig. 4.3.1.9).
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4.3.2 In PBS Covered Condition

When external solution is present, then the behavior of the electrode system is
modified and a modified the equivalent circuit is required and is shown below:

Figure 4.3.2.1 Gilbert Crevice Impedance CPE model
To closely fit in the data, a Gilbert crevice impedance model was introduced and
slightly altered by inclusion of CPE elements instead of ideal capacitors, to improve
the equivalent circuit model. The impedance in this condition can be calculated by
following equations:

 oc  R oc  CPEoc  T  (j )CPEoc  P
 o  R o  CPEo  T  (j )CPEo  P

Where

Z 'oc  R cr 

R oc
1  ( oc )2

Z "oc  iR oc

 oc
1  ( oc )2

a  R o  Z 'oc  o Z "oc
b  Z "oc  o Z 'oc
Z || 

Ro
a  b2
2

Z '

oc

a  Z "oc b   i aZ "oc bZ 'oc 
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Figure 4.3.2.2 Nyquisit Plot of CoCrMo sample in PBS covered condition.
The typical Nyquist plot of the CoCrMo sample when external solution is present
for different pipette areas is shown in Fig. 4.3.2.2. A characteristic double circular
response is seen where the first circle changes its radius with pipette area.
The corresponding Bode plots for these experiments are shown in Fig. 4.3.2.3.
Systematic changes in Z and phase angle with pipette area are demonstrated in these
plots, particularly at the intermediate and high frequencies.
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Figure 4.3.2.3 Bode Plot of CoCrMo sample in PBS covered condition.
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Fitting results:
Then CPE-modified crevice model did an excellent job fitting the resultant data.
From the fit of this model to the data, various parameters associated with the model
can be evaluated for the effects of pipette area.

1.50E+05
1.45E+05
1.40E+05
y = 137915x-0.064
R² = 0.9961

1.35E+05

Ro(Ω)

1.30E+05
1.25E+05
1.20E+05
1.15E+05
1.10E+05
1.05E+05
1.00E+05
0

1

2

3

4

5

6

7

8

9

Pipette Area (mm²)

Figure 4.3.2.4 Ro of CoCrMo sample in PBS covered condition
It can be seen, for example, that the values of Ro (the internal pipette surface
resistance) decreased with increased exposed area (See Fig. 4.3.2.4), even though the
external solution was present. The area dependence of Rp was not a large as that
obtained from the polarization data and is distinct from it.
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Figure 4.3.2.5 Co of CoCrMo sample in PBS covered condition

The values of Co (the internal CPE element) increased with increased pipette
area (See Fig. 4.3.2.5).

This is, again, the expected effect of increasing pipette area.
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Figure 4.3.2.6 Roc of CoCrMo sample in PBS covered condition
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The values of the external electrode area resistance, Roc, are not significantly
affected by changes in pipette area, and in this case, the non-linear curve fitting could
not determine this value to be different from the upper limit resistance in the system
(See Fig. 4.3.2.6).
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Figure 4.3.2.7 Coc of CoCrMo sample in PBS covered condition
The values of the external capacitance circuit element, Coc, increased with
increased pipette area (See Fig. 4.3.2.7).
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Figure 4.3.2.8 Rcr of CoCrMo sample in PBS covered condition
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The value of the crevice resistance, Rcr, decreased, in a 1/A dependence, with
pipette area (See Fig. 4.3.2.8). This parameter is also highly sensitive to the distance
of the pipette tip to the electrode surface (as will be shown below). In these tests, the
distance was kept relatively constant.
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Titanium sample:
The behavior of Ti sample in the crevice model conditions are summarized in the
Nyquist plot (Fig. 4.3.2.9) and Bode plots (Fig. 4.3.2.10) below. The effects of pipette
area are similar to that seen in CoCrMo alloy electrodes and show an effect of pipette
area on impedance.
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Figure 4.3.2.9 Nyquisit Plot of Titanium sample in PBS covered condition
The effects of pipette area are most evidence in the Bode plots where the midfrequency plateau represents the crevice resistance and the changing Rs at high
frequencies is a direct reflection of the pipette area.
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Figure 4.3.2.10 Bode Plot of Titanium sample in PBS covered condition
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Fitting results:
The results of fitting of the crevice impedance model to the data are shown
below.
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Figure 4.3.2.11 Ro of Titanium sample in PBS covered condition
The value of the internal surface resistance, Ro, decreased with increased area, as
was seen for CoCrMo electrodes (See Fig. 4.3.2.11).

4.00E-07
3.50E-07
3.00E-07

Co(F)

2.50E-07
2.00E-07
1.50E-07
1.00E-07
5.00E-08
0.00E+00
0

1

2

3

4

5

6

7

8

Pipette Area (mm²)

Figure 4.3.2.12 Co of Titanium sample in PBS covered condition
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The value of internal capacitance, Co, increased linearly with pipette area (See
Fig. 4.3.2.12).
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Figure 4.3.2.13 Roc of Titanium sample in PBS covered condition
The values of the external surface resistance, Roc, were beyond the measurement
range (See Fig. 4.3.2.13).
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Figure 4.3.2.14 Coc of Titanium sample in PBS covered condition
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The values of the external capacitance, Coc, were not affected by pipette are
since the external electrode area was close to 100 mm2 (See Fig. 4.3.2.14).
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Figure 4.3.2.15 Crevice resistance, Rcr, of Titanium sample in PBS covered condition
The value of Rcr decreased with pipette area, as expected (See Fig. 4.3.2.15).
This trend is very similar to that found for the CoCrMo Rcr case.

4.4CoCrMo sample in PBS covered condition versus different height
from electrode to sample surface
The effect of the pipette-electrode height on the impedance response when
external fluid is present are summarized in this section. A pipette of fixed area
was placed above the electrode and a precision micrometer adjusted the height
of the pipette tip to the electrode surface. The position where the tip made
physical contact with the electrode surface was not well controlled but was
within the range of distances tested. Once the pipette made contact, increased
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movement of the micrometer simply applied greater contact loads between the
tip and electrode which may have continued to affect the crevice resistance.

Figure 4.4.1.1 Bode Plot of CoCrMo sample in PBS condition vs. different height
(0.4mm radius electrode )

Figure 4.4.1.2 Bode Plot of CoCrMo sample in PBS condition vs. different height
(0.7mm radius electrode )
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Figure 4.4.1.3 Bode Plot of CoCrMo sample in PBS condition vs. different height
((1.4mm d radius electrode )

Figure 4.4.1.4 Bode Plot of CoCrMo sample in PBS condition vs. different height
(1.6mm radius electrode )
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The effect of pipette height on the impedance response for the four different
pipette areas explored are summarized in Figs. 4.4.1.1 to 4.4.1.4.

In all cases, the

response was similar in appearance with the characteristic double bump phase angle
response and the plateau of the crevice resistance in the Z vs frequency plots. There
are systematic changes in the plateau resistance (crevice resistance) and the
frequencies for the peaks in the phase angle that change with tip-surface distance.
From these plots, the characteristic parameters of the crevice impedance model
can be determined and plotted against tip-sample distance. These results are
summarized below.
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Fitting results:
The Rcr variations with tip-electrode distance show a consistent behavior with an
increased Rcr with smaller distance (or tighter contact). This can be seen in Figs.
4.4.1.5 through Fig. 4.4.1.9.
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Figure 4.4.1.5 Rcr value vs distance above CoCr sample surface
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Figure 4.4.1.6 Rcr value vs distance above CoCr sample surface (0.4 mm radius
electrode)
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Figure 4.4.1.7 Rcr value vs distance above CoCr sample surface (0.7 mm radius
electrode )
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Figure 4.4.1.8 Rcr value vs distance above CoCr sample surface (1.4 mm radius
electrode)
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Figure 4.4.1.9 Rcr value vs distance above CoCr sample surface (1.6 mm radius
electrode )
All other parameters of the crevice impedance model did not appear to be
affected significantly by the tip-electrode distance changes.
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4.4.2 Titanium sample in PBS covered condition versus different
height from electrode to sample surface
As with the CoCrMo electrodes, when Ti electrodes are tested, similar results are
observed. That is, the high frequency and low frequency portions of the impedance
plots remain unchanged, however, the crevice resistance (or plateau) of the impedance
plot is systematically affected by tip-electrode distance.

Figure 4.4.2.1 Bode Plot of Titaium sample in PBS condition vs. different height
(0.4mm radius electrode )
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Figure 4.4.2.2 Bode Plot of Titaium sample in PBS condition vs. different height
(0.7mm radius electrode )

Figure 4.4.2.3 Bode Plot of Titaium sample in PBS condition vs. different height
(1.4mm radius electrode )
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Figure 4.4.2.4 Bode Plot of Titaium sample in PBS condition vs. different height (1.6
mm radius electrode )
The Rcr and the 2nd plateau of the phase angel vs frequency shifted down with
increasing distance between sample surface and electrode probe. (See Fig.
4.4.2.1~4.4.2.4)
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Fitting results:
The fitting of these results again show that the Rcr is the principal variable affected by
the distance.
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Figure 4.4.2.6 Rcr value vs distance above Titanium sample surface (0.4 mm radius
electrode )
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Figure 4.4.2.7 Rcr value vs distance above Titanium sample surface (0.7 mm radius
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CHAPTER 5
DISCUSSION AND CONCLUSION
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5.1 The behavior of CoCrMo and Titanium sample in OCP measurements and
potentiodynamic polarization test

Based on the measurements and results, the CoCrMo and Titanium samples
perform similarly in the no-external-electrolyte condition. In this condition, increasing
the pipette area resulted in the corrosion potential and polarization resistance for both
CoCrMo and Titanium sample to decrease and the corrosion currents increased.
Increased corrosion currents are to be expected as the electrode area is increased,
however, it is not clear why the Ecorr changed with electrode area. This may be due
to changes in the distribution of areas engaged in the oxidation and reduction half-cell
reactions.

In the no-electrolyte-covered condition, the samples are only exposed to the
electrolyte in the small area inside of the pipette and the changes observed are
consistent with the area-dependent changes seen in electrode resistance and
capacitance. With this area increasing, there are more region of the sample contacting
to the electrolyte which leads to a higher density of bulk metal ion introduced. As the
result the anodic reaction domains and the currents are increasing, which shifts the
corrosion potential to a lower level. The polarization resistance, as determined from
the polarization test, is defined as the slope of the V vs I plot at Ecorr, Rp =

𝑑𝑉
𝑑𝐼

, as

the the current went up, the Rp went down, as shown in figure 4.2.3 and figure 4.2.9.
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However, in PBS covered condition, the Titanium sample and CoCrMo
performed differently. The Ecorr of CoCrMo sample went for more negative and Rp
also went down along with the increasing exposing area, while the Icorr did not change
much; for Titanium sample, the value of Ecorr, Icorr, and Rp change was relatively small
compared to the behavior in no-electrolyte-covered condition.

In the dynamic polarization tests, the Ecorr can be considered as the open circuit
potential in PBS solution. Thus, based on the measurements and the results, the open
circuit potential of CoCrMo alloy and Titanium samples shifted to more negative
potential with the increasing pipette area in both dry/ PBS covered conditions. One
possible reason for such behavior is that the OCP is the combination of the potential
of oxidation reaction and reduction reaction occurring at the metal-solution interface
at equilibrium. As the result the increase of the OCP is likely due to the larger density
of metal ion were introduced which leads to the anodic reaction domains.

Additionally, the OCP of CoCrMo sample is more positive in the no-electrolyte
condition with the same sample exposed area compared with the PBS-covered
condition. This phenomenon is likely because the CoCrMo sample is more sensitive
to the local PBS electrolyte attack. The higher OCP could be a result of thicker oxides
film. This hypothesis can be tested in future work by using SEM or AFM to observe
the structure of the very tested spot.
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5.2 The behavior of CoCrMo and Titanium sample in Electrochemical
Impedance Spectroscopy

The equivalent circuit for the no-electrolyte covered condition is a Randle’s
model as shown in figure 3.2. Rs is the resistance of the electrolyte solution (PBS), Ro
is the resistance of the oxide film and Co is the capacitance of the oxide film.

Figure 3.2 Randle’s model

Based on the measurements, in no-electrolyte-covered condition with the
increasing exposed area, the CPE-T value for both CoCrMo and Titanium samples
increased while the Rp value for both CoCrMo and Titanium samples decreased. As
shown in figure 4.3.1.4, 4.3.1.5, 4.3.1.8 and 4.3.1.9. According to the definition of Z,

1

=
𝑍

1
Rp

+ CPE-T (jω)CPE-P, increasing CPE-T and decreasing of Rp, the value of

impedance would consequently decrease, as the result the impedance in a large region
would be lower than a smaller area attacked by the PBS.
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One reason for this phenomenon is that with increasing exposed area, more
electrolyte is in contact with the metal-solution interface which leads to more oxide
film generating reactions (and other reactions) causing greater total currents for the
same reaction rates. Another way to understand this effects is that the resistance is
defined as R=ρl/A, where A is the electrode area. As the area increases, the resistance
would decrease.

In the PBS-covered condition, the equivalent circuit is a crevice corrosion model
as showed before in Figure 3.3. The Roc or external surface resistance was found to be
outside of the range of the system and not measurable in the test set up.

The external

capacitance, CPEoc was able to be measured. The crevice resistance, which arises
from the junction between the pipette tip and the external solution, Rcr, is the crevice
resistance, Rs is the inside electrolyte resistance, Ro is the resistance of the oxide film
and CPEo is the capacitance of the oxide film.

Figure 3.3 Gilbert Crevice impedance model and the equivalent circuit
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Based on the measurements, with increased pipette area, Ro and Rcr for both
Titanium and CoCrMo sample are decreased while CPEo increased in an areadependent fashion, and CPEoc as well as Roc changed relatively little compared to
other parameters.

According to the model, the Ro and Co behave similarly to the no electrolyte
covered condition due to the same area-dependent mechanism. The reason that Coc
did not change much might be due to the fact that the outside area is fixed and is
about 100 times larger than the pipette areas explored.

The impedance calculation of this model was created by Dr. Jeremy L Gilbert
was implied to fit the result. The impedance in this crevice model can be calculated by
following equations:

 oc  R oc  CPEoc  T  (j )CPEoc  P
 o  R o  CPEo  T  (j )CPEo  P
Z 'oc  R cr 

R oc
1  ( oc )2

Z "oc  iR oc

 oc
1  ( oc )2

a  R o  Z 'oc  o Z "oc
b  Z "oc  o Z 'oc
Z || 

Ro
a  b2
2

Z '

oc

a  Z "oc b   i aZ "oc bZ 'oc 
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Crevice Corrosion Impedance
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Figure 5.2.1 Bode Plot fitting result using Gilbert Crevice Impedance equations

From right to left, the 1st plateau (far right) is dominated by Rs, and the range is
dominated by Co for the left end. The 2nd plateau (in the mid-frequencies) is
dominated by Rcr, and the range is determined by Co for the right end and Coc for the
left end. The 3rd plat stage is dominated by whichever of Ro and Rco is smaller.

By testing and applying fitting results into the equations above, it shows that the
3rd plateau stage is dominated by Ro and Roc and is sometimes beyond the measure
range. Due to the limitation of the potentiostat and the efficiency the scanning
frequency cannot be lower than 0.001Hz. Thus, the value of Roc was not significant
in terms of the impedance behavior observed and would not significantly influence
the result once reach to 108 Ω level.
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Another phenomenon was found in both CoCrMo and Titanium sample tests: in
PBS covered condition with the changing of the distance between the microelectrode
and the sample surface, the 2nd plateau, which is dominated by Rcr, has an
exponential relationship with the distance. With the increasing distance between
sample surface and the microelectrodes, the value of 2nd plateau decreases. Also the
tendency is that after a critical distance a sudden drop of Rcr occurs. This was found
in every different opening size microelectrodes and in both CoCrMo and Titanium
samples tests. This critical distance varies with different diameters of the pipette area
and is different between CoCrMo and Titanium sample. The possible reason for this
phenomenon could be that according to the resistance definition: R= ρl/A, the
resistance inside of the crevice is highly dependent on the gap formed and/or the
tightness of the junction between the inside and outside solution regions.

This crevice model approach opens up several possibilities for the study of
metallic biomaterials and implant configurations. For example, the distance between
the sample surfaces to the electrodes could be equivalent to the development of the
crevice between the femoral head and the femoral stem of a modular taper in a hip
implant. If the reference and working electrodes could be positioned within the
modular taper junction, this impedance model may be able to describe the crevice
conditions for different geometries. In addition, microelectrode methods to study the
internal corrosion reaction and the externally sensed corrosion reactions in the
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modular taper junction may provide for new capabilities to understand the interactions
between internal and external measurements.

Since the Rcr is the domain factor in the 2nd plateau stage with a range of 1 to
1000 Hz, this study was capable of quantitatively measuring the relationship between
Rcr and the crevice height. This could help in the future of hip implant design. This
phenomenon will be further studied with a more developed system with a more
accurate system which be able to set the “zero” point properly and then find the
accurate distances.
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Conclusions:
1. In the no-electrolyte-covered condition condition, increasing sample area affected
the corrosion potential and polarization resistance for both CoCrMo and Titanium
sample. The potential decreased while the corrosion currents increased with
area.

2. In the PBS-covered condition, the Ecorr of CoCrMo sample became more negative
and Rp also went decreased with increasing area, while the Icorr did not change
significantly. For Titanium sample, the value of Ecorr, Icorr, and Rp changed
relatively little compared to the behavior in the no-electrolyte-covered condition.

3. In the no-electrolyte-covered condition, with increasing area, the CPE-T value for
both CoCrMo and Titanium samples increased, while the Rp value for both
CoCrMo and Titanium sample decreased.

4. In the PBS-covered condition, with increasing pipette area, Ro and Rcr for both
Titanium and CoCrMo samples decreased while CPEo increased, and CPEoc as
well as Roc changed relatively little compared to other parameters.
5. In the PBS-covered condition, with changes in the pipette-electrode surface
distance, Rcr has a inverse relationship with distance. And there is a critical
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distance which leads to a sudden Rcr value drop most likely due to direct contact
between the pipette tip and the surface.
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CHAPTER 6
TECHNICAL DESIGN ASSESSMENT AND FUTURE
WORK
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The goal of this study was to develop a microelectrode system capable of
sampling small regions (or controlling the detected area size) to identify and
quantitatively measure the variations in electrochemical properties. With systemically
and functionally performing electrochemical measurements such as OCP test,
potentiodynamic polarization test and EIS on Titanium and CoCrMo samples, this
technique has shown great potential to be further developed and applied to other tests
and configurations.

For aim 1, a shortfall of the current setup is the sample geometry. The sample
holder can only contain a sheet or short tube like specimen while the variation of the
sample geometries requires not only different shapes of the holder but also suitable
microelectrodes probe design. For future work, more sample holders and fitting
probes will be developed to allow this system to perform localized electrochemical
measurements on different types of samples.

For aim 2, the system performed well for localized electrochemical
measurement. The relationship between pipette area and electrochemical
characteristics such as Ecorr , Icorr, and Rp, etc. had been qualitatively studied.
However, how would other parameters such as the distance between electrodes and
the sample surface, the distance between the electrodes influence the local
electrochemical behavior remains unknown. For the next stage, the quantitative
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relationship between the explored factors will be studied, and the unexplored factors
stated above will be studied as well.

Additionally, the crevice model approach opens up several possibilities for the
study of metallic biomaterials and implant configurations. For example, the distance
between the sample surfaces to the electrodes could be equivalent to the development
of the crevice between the femoral head and the femoral stem of a modular taper in a
hip implant. If the reference and working electrodes could be positioned within the
modular taper junction, this impedance model may be able to describe the crevice
conditions for different geometries. In addition, microelectrode methods to study the
internal corrosion reaction and the externally sensed corrosion reactions in the
modular taper junction may provide for new capabilities to understand the interactions
between internal and external measurements.

In future, experiments to assess pre- and post-corrosion tested sample surface
structure can be performed to identify and characterize the local structural
heterogeneities giving rise to the differing electrochemical responses. A visualizing
tool such as SEM, AFM and optical digital microscope will be applied to characterize
the structure and defect distribution (size and location) within samples prior to testing
and afterward to correlate where electrochemical changes are detected to any
observable structural variations (defects, inclusions, grain boundaries) change the
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local electrochemical behavior will be analyzed and corresponded to the actual
sample surface structure.
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